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For manganese mononitride ͑MnN͒, the total energy versus lattice constant is obtained using the spin density functional theory. Instead of the tetragonally distorted NaCl structure, we study the zinc blende and wurtzite structures in which AlN, GaN, and InN crystallize. The ground state with nonmagnetic, antiferromagnetic ͑AFM͒, or ferromagnetic ͑FM͒ arrangement of spins depends on the polymorph of MnN and on the lattice constant. At equilibrium lattice constants, in zinc blende it is AFM in ͓100͔ direction, and in wurtzite it is FM. The zinc blende polytype of MnN under hydrostatic pressure at the InN lattice constant presents FM ground state. For the wurtzite polytype at the GaN and AlN lattice constants, the AFM is the ground state, but goes back to a FM ground state for the InN lattice constants. For both structures, the system presents a half-metallic state at InN lattice constants ͑with a total magnetic moment of In ferromagnetic materials the spin of the electrons is used for mass storage of information, whereas in semiconductors the charge of electrons is the basis of the electronic transport. The spintronics, which is the combination of the two properties of the electrons, charge and spin, allows great advances in the development of electro-optic switches, ultra sensitive magnetic field sensors, and quantum-mechanicsbased logic for high speed computation. [1] [2] [3] Diluted magnetic semiconductors ͑DMSs͒ like Ga 1−x Mn x N and Ga 1−x Mn x As have attracted great interest recently because of their capacity for spintronics applications. Usually, the crystal structures of the magnetic and the semiconducting materials are incompatible, which leads to severe problems for the devices. Combining the semiconducting and magnetic properties in the same material, DMSs are the main candidates for development of a new kind of technology. A key issue is the Curie temperature, T C . Recently, a theoretical model based on the explanation of the magnetism present in Mn-doped p-type semiconductors as mediated by the free holes 4 has predicted a T C above the room temperature for Ga 1−x Mn x N. Moreover, GaN is one of the most important materials for high frequency, high power, and high temperature electronic devices.
An important property for a material to be useful for spintronics is its possible ferromagnetism. The ferromagnetic coupling between the magnetic ions gives rise to an internal magnetic field or enhances the effect of an external magnetic field. The majority of the experimental results for the GaMnN indicates the presence of a ferromagnetic state, [5] [6] [7] [8] although indications for the AFM state are available. 9 Recently, ferromagnetism has been also observed for In 1−x 12 who studied the zinc-blende modification of MnN by means of the linearized augmented planewave method within the density-functional theory ͑DFT͒ and the generalized gradient approximation ͑GGA͒, showed an AFM ground state.
However, there are doubts concerning the homogeneity of the ternary Ga 1−x Mn x N alloy material. Despite the fact that experimental works reported so far have shown evidence for the formation of solid solutions, 5, 6 it is difficult to exclude the possibility that the observed ferromagnetism is due to the formation of other stable phases, such as clusters of Mn around N ͑Mn 4 N͒, as speculated by Rao and Jena, 13 or is due to a phase separation process in the alloy, giving rise to MnN separated phases. This is also true for MnN-rich regions due to composition fluctuations in an almost random alloy. Although the structure of MnN is well known to be the tetragonally distorted NaCl structure ͑with an AFM ground state͒ 14, 15 and the system Mn-N also appears in some other phases, 14 ,16 the phase separated inclusions or MnN-rich regions may have the crystallographic structure of the host. Therefore, the study of the MnN in the hypothetic zincblende and wurtzite phases can be very useful for a better understanding of the GaMnN and InMnN DMSs. In addition, inclusions of MnN in the matrix of GaN may be strained to the lattice constants close to that of GaN. Even in the case of GaMnN solid solutions, one of the major effects of the presence of the Ga atoms on the MnN will be the change in the lattice constant.
The first structure studied is the zinc-blende ͑zb͒ polytype of MnN. In order to calculate the three magnetic states ͓nonmagnetic ͑NM͒, FM, and AFM͔, four-atom supercells have been used. with monolayers of magnetic moments up/down along the cubic ͓100͔ and ͓111͔ directions. We use the frozen-core projector-augmented wave method as implemented in the "Vienna ab-initio simulation package" ͑VASP-PAW code͒ 17 within a spin-polarized DFT. We adopted the GGA for the exchange-correlation potential, because it is well known that the GGA optimized lattice constant is usually larger than the lattice constant in the local density approximation and closer to the experimental ones. Moreover, we verified that the generalized gradient corrections to the exchange-correlation energy influence the magnetic ordering of the spin arrangements.
In Fig. 1 , the variation of total energy versus lattice constant is presented for the NM, FM, AFM ͓100͔, and AFM ͓111͔ states of the fictitious zb-MnN polytype. The inset shows the difference of total energy per pair of atoms between FM and AFM ͓100͔ or AFM ͓111͔ states. The range of the studied lattice constants is chosen in order to include the values of the AlN, GaN, and InN lattice constants. We found that the global energy minimum is AFM in ͓100͔ direction, with a lattice constant of 4.31 Å. The NM state is the system ground state for small lattice constants, a ഛ 4.15 Å. The AFM and FM states are not stable in this range. Corresponding starting configurations are changed to the NM ordering during the total-energy optimization. With the increase of the lattice parameter the AFM ordering becomes the ground state. Nevertheless, the FM and NM ordering give rise to local minima on the total energy surface. The interesting feature seen is the soft kink at about 4.45 Å in the total energy curve for the FM ordering, which indicates two different zb MnN with different equilibrium lattice constants above the value of the GaN lattice parameter ͑a = 4.55 Å͒. The energy difference between the magnetic states and the nonmagnetic state increases with increasing lattice constant. A very marked change happens at lattice constants above 4.65 Å. Then, the system ground state changes to AFM ͓111͔ until 4.95 Å, and from that it is FM. In particular for the lattice constant of InN the system is FM, otherwise, for the lattice constants of AlN and GaN the ground state is AFM ͓100͔. This total energy behavior can be understood as a result of the arrangements of the Mn magnetic moments.
For the calculation of the wurtzite ͑w͒ structure we optimize the three lattice parameters: the lattice constants c , a, and the internal parameter u. In Table I the equilibrium lattice constant a and the c / a ratio are shown for the NM, FM, and AFM states. The u parameter is obtained by internal relaxations of the positions for each assumed lattice constant. The AFM state of spins is simulated with one Mn atom with magnetic moment up and the other Mn atom with magnetic moment down direction in a wurtzite unit cell.
In Fig. 2 the total energy is presented for the NM, FM, and AFM states for the optimized w-MnN structure, and for the strained w-MnN with c and a lattice constants of AlN, GaN, and InN also optimized. The strained structures were considered in order to simulate possible tensile inclusions of MnN in AlN, GaN, and InN. In the case of the optimized w-MnN structure, different from the zb case, the ground state is the FM state, followed by the AFM and NM in this order. Nevertheless, as a hydrostatic strain is applied, the magnetic ground state changes from FM for AlN to AFM for GaN. The energy difference between the FM and AFM states increases as well, from −1.8 meV/ pair to 45.1 meV/ pair, from AlN to GaN, respectively. However, the ground state goes back to be FM at the InN lattice constants with an energy difference of 23.8 meV/ pair for the AFM state. Comparing the results for the zinc blende with those for the wurtzite, we can conclude that the magnetic ground state is strongly dependent on the kind of structure considered.
Trying to get some insight about the DMSs, such as Ga 1−x Mn x N, and considering the possibility of MnN clustering to be responsible for its magnetic phase, the results shown in Fig. 2 should present an AFM state; and ͑ii͒ if the MnN cluster is relaxed, then GaMnN should present a FM state. This could be an indication that the two magnetic states observed for GaMnN are really possible, and could change depending on external factors such as strain. The dependence of the total energy on the lattice constant is correlated with the behavior of the magnetic moments at the Mn atoms with the lattice constant a. In Fig. 3 the local magnetic moment at the Mn atom versus the lattice constant for the AFM and FM states of zb-MnN is presented. The local magnetic moment is obtained by taking the difference between the number of electrons with spin up and spin down inside a reference sphere centered at a Mn atom, which has the covalent radius ͑1.26 Å͒ of Mn. The increase of the magnetic moment with the lattice constant is verified for the three different cases. It happens due to the reduced p-d coupling, more strictly the reduced coupling of the N 2p and Mn 3d electrons, when the lattice constant is increased. It tends to the magnetic moment of the free Mn atom, 5 B , according to Hund's rule. For the FM state, four steps are observed, which are related to the regions described for the FM total energy. Up to ϳ4.15 Å the magnetic moment is zero, but with the increase of lattice constant the magnetic moment assumes a nonzero value, and has approximately a linear behavior; then, it presents a discontinuity at 4.45 Å, which is related to the kink observed in the total energy curve. Finally, there is a discontinuity at 4.90 Å, where the magnetic moment becomes approximately constant with the lattice constant. This step corresponds to the transition from a metallic state to a half-metallic state of the system, in which the total ͑not the local͒ magnetic moment presents the integer value of 4.0 B . As for the AFM ͓100͔ case, the total energy curve presents a continuous behavior, in the region with the magnetic moment different from zero, so that the dependence of the magnetic moment with the lattice constant also depicts a continuous and increasing behavior. But the AFM ͓111͔ system also presents, as does the FM one, more than one step. In the inset of Fig. 3 it is shown the specific cases studied for the wurtzite polytype. We observe that the local magnetic moment also increases with the lattice constant. The AFM state presents the higher local magnetic moment for the optimized AlN and GaN cases. However, at the InN lattice constants, the FM state has a higher local magnetic moment.
In conclusion, we have shown that the crystallization of MnN in wurtzite or zinc-blende structures supports a magnetic ordering. The kind of ordering which corresponds to the ground state depends remarkably on the lattice constant, as well as on the polytype. For the zinc-blende polytype, the ground state is AFM ͓100͔, followed by AFM ͓111͔, NM, and FM. It was observed that for a transition of the AFM ground state to FM to take place, it is necessary to apply a very strong hydrostatic strain, as for example, with the MnN lattice constant of the InN. However, before the transition to FM state, there is a change from AFM ͓100͔ to AFM ͓111͔ state. On the other hand, for the wurtzite polytype, the ground state is FM, and at the presence of a hydrostatic strain the system will change its ground state to AFM, as if the system has the same lattice constants of GaN, but goes back to the FM at the InN lattice constants. Our results allow us to suggest that most of the findings of above-room-temperature ferromagnetism in the GaMnN and InMnN DMSs may be interpreted as the ferromagnetism of w-MnN inclusions in GaN and InN or MnN-rich regions in the corresponding random alloys. If these inclusions are strained, the system will present an AFM ground state, while if they are relaxed the system will present a FM ground state. It is relevant to note that these results can explain the fact that for GaMnN alloys the majority of the reported data shows evidence for the FM state, but also the AFM ground state is observed. Finally, we obtained that with the lattice constants of InN, for the two structures studied, the system is a half metal.
